Ion density enhancements at the topside lowlatitude ionosphere during a Bastille storm on 15-16 July 2000 and Halloween storms on 29-31 October 2003 were studied using data from ROCSAT-1/IPEI experiment. Prominent ion density enhancements demonstrate similar temporal dynamics both in the sunlit and in the nightside hemispheres. The ion density increases dramatically (up to two orders of magnitude) during the main phase of the geomagnetic storms and reaches peak values at the storm maximum. The density enhancements are mostly localized in the region of a South Atlantic Anomaly (SAA), which is characterized by very intense fluxes of energetic particles. The dynamics of nearEarth radiation was studied using SAMPEX/LEICA data on >0.6 MeV electrons and >0.8 MeV protons at around 600 km altitude. During the magnetic storms the energetic particle fluxes in the SAA region and in its vicinity increase more than three orders of magnitude. The location of increased fluxes overlaps well with the regions of ion density enhancements. Two mechanisms were considered to be responsible for the generation of storm-time ion density enhancements: prompt penetration of the interplanetary electric field and abundant ionization of the ionosphere by enhanced precipitation of energetic particles from the radiation belt.
Introduction
Geomagnetic storms are accompanied with strong perturbations in the entire ionosphere, which have been observed using various techniques (e.g. Basu et al., 2001) . Storm-time Correspondence to: A. Dmitriev (dalex@jupiter.ss.ncu.edu.tw) enhancements of ion and electron density (storm-enhanced density or SED) and temperature at the low-and mid-latitude topside ionosphere are detected by means of in-situ space experiments (e.g. Mannucci et al., 2005; Oyama et al., 2005; Yizengaw et al., 2005) and of remote techniques, such as ionosonde, radar and total electron content (TEC) obtained from GPS signal processing (Tsurutani et al., 2004; Yizengaw et al., 2005; Zhao, et al., 2005; Dabas et al., 2006; Becker-Guedes et al., 2007; Huang et al., 2007) .
The observations show that the SED phenomenon is associated with an intensification of equatorial ionization anomaly (EIA), such that the F-layer peak height increases by a few hundred km and the EIA crest regions enlarge and move poleward by more than 10 • . The dynamics is accompanied by strong variations of vertical (upward/downward) drift velocity with a magnitude of several hundred m/s. A prompt penetrating electric field, neutral wind disturbance dynamo electric field, and storm-time plasmapause dynamics are suggested to be responsible for such a pattern of ionospheric dynamics in the dayside hemisphere (e.g. Tsurutani et al., 2004 Tsurutani et al., , 2007 Unnikrishnan et al., 2005; Zhao et al., 2005) . Storm-associated change in the thermospheric neutral wind pattern is considered to be a driving factor of disturbances in mid-and high-latitude ionosphere, especially in the nightside hemisphere (Ridley et al., 2003; Nicolls et al., 2006) .
Storm-time prompt penetration of the interplanetary electric field to the mid-and low-latitude ionosphere is revealed experimentally (e.g. Kelley et al., 2003; Tsurutani et al., 2004; Huang et al., 2007) . There is practically no time delay for the penetration. The penetration efficiency is estimated at ∼10%. Hence significant ionospheric effects require a very strong southward interplanetary magnetic field (IMF) and/or an extremely fast solar wind plasma flow.
Another source of the abundant ionization and heating at low-and mid-latitudes is the particle precipitation, which 868 A. Dmitriev and H.-C. Yeh: Storm-time ionization enhancements at the topside low-latitude ionosphere is intensified during magnetic storms. Fluxes of energetic neutral atoms penetrating to the ionosphere are generated through charge-exchange interactions of the ring current ions with the plasmaspheric neutrals (Tinsley, 1979; Tinsley et al., 1988; Kozyra and Nagy, 1991) . In the maximum phase of great magnetic storms, the precipitation of energetic protons, which populate the field-aligned currents, can move to middle latitudes of ∼45 • (Wang et al., 2006) . Based on analyses of the Bastille magnetic storm on 16-17 July, proposed that energetic particle precipitation plays an important role in the SEDs observed in the South Atlantic Anomaly (SAA) region on the nightside. They demonstrate that the precipitation of energetic electrons from the radiation belt in the SAA region significantly increases Hall conductivity in the E-region. Inside and above that high-conductance region, the electric fields are reduced and the ion density enhances. However, the regions with low conductivity are characterized by enhanced electric field and depleted ion density.
Precipitation of energetic particles from the Earth radiation belts (ERB) is a general feature of geomagnetic storms (e.g. Rodger et al., 2006; Millan and Thorne, 2007) . The middle and high latitudes are affected by intense precipitation of energetic electrons, which is also considered as a powerful source of ionization in the upper atmosphere and ionosphere (Baker et al., 1987) . Very intense precipitation of the energetic electrons occurred during geomagnetic storms at the southern edge of SAA in the slot region of the electron radiation belt (Dmitriev et al., 2000) . During the Halloween magnetic storms in October-November the precipitation was so intensive that the belt of energetic protons almost completely disappeared (Looper et al., 2005) .
In the present study we analyze enhancements of ion density and precipitation radiation during Bastille and Halloween geomagnetic storms. In the first part, topside ionospheric disturbances are investigated using experimental data from the ROCSAT-1 satellite. SAMPEX observations of the near-Earth fluxes of energetic particles are compared with the ionospheric disturbances in the second part. In the third part we discuss the possible physical mechanisms of the relationship between the enhancements of ionospheric ionization and precipitation of the energetic particles. The last part presents the conclusion.
Storm-time ionospheric disturbances
Geomagnetic conditions before and during the Bastille and Halloween storms are shown in Fig. 1 . There were no strong geomagnetic storms with D st <−100 nT within several days preceding the great storms on 15 July 2000 and 29 October 2003. The dynamics of the AE and K p indices before the storms show an enhanced auroral activity, which is, however, much weaker than those of the storm-time disturbances. Hence in a first approach we can consider the time intervals on 12-14 July 2000 and 25-28 October 2003 as quiet or relatively weak disturbed days. Our study of storm-time conditions in the topside ionosphere is based on experimental data from the near-Earth ROCSAT-1 satellite which has a circular orbit with 35 • inclination and is at an ∼600 km altitude (Chang et al., 1999) . The ionospheric Plasma and Electrodynamics Instrument (IPEI) on board ROCSAT-1 provides experimental information about the characteristic features of ionospheric ion density, temperature, composition and drift velocity (Yeh et al., 1999) . In the present study we use 1-s resolution IPEI data of the ion density, temperature and vertical drift velocity for analyses.
The ROCSAT-1 orbital characteristics provide us an opportunity to find overlapping orbits within four successive days. The overlapping orbits have a very close location, i.e. the satellite passes the same geographical regions at practically the same local time. An example of the ROCSAT-1/IPEI observations during such overlapping orbits on 13 July and 15 July 2000 is presented in Fig. 2 . The time profiles of ionospheric parameters are pretty close for the over- lapping orbits during the quiet and the slightly disturbed intervals. The observed differences in ion density and temperature under the two geomagnetic activity conditions are not very large, except for the dawn sector (∼06:00 LT). They are caused partially by the geomagnetic activity, which enhances slightly by 15 July. Large differences observed near 06:00 LT are probably due to slightly different local times associated with overlapping passes. In the dawn sector the ionospheric conditions change rapidly with local time, in particular, during the sunrise. Hence in that local time sector a small difference in the LT leads to a significant difference in the measurements.
In Fig. 3 we compare storm-time ionospheric disturbances during the main phase of the Bastille storm (21:30-23:00 UT) on 15 July with those during the quiet conditions on 13 July 2000. During that time interval ROCSAT-1 crosses the geomagnetic equator at the local morning and evening, such that its passes of the dayside and nightside ionosphere are situated, respectively, in the Northern and Southern Hemispheres. During the geomagnetic storm the ROCSAT-1/IPEI observes significant growth of the ion density and temperature in both the dayside and the nightside ionosphere. Most prominent increases of ion density are observed in the crest regions, which are extended poleward. At the same time the ion density at the geomagnetic equator is depleted. It is interesting to note a nightside feature observed during 22:22-22:27 UT (∼20:20 LT) in the Southern Hemisphere, which is characterized by extremely high variations of ion density with an amplitude of ∼1.5 order of magnitude above the background value. That feature is accompanied by very strong variations in the temperature and vertical plasma drift velocity of ∼100 m/s. A possible nature of such ionospheric disturbances is discussed by .
Topside ionospheric disturbances at the maximum of the great Halloween geomagnetic storm (during 00:10-01:40 UT) on 30 October 2003 are presented in Fig. 4 . During that time the ascending and descending parts of the ROCSAT-1 orbit are located, respectively, in the nightside and dayside hemispheres, such that the satellite crosses the geomagnetic equator in close vicinity of local midnight and noon. Most prominent ion density enhancement observed at 00:45-01:20 UT in the Southern Hemisphere has a two-peak structure. The first maximum at ∼00:55 UT (∼16:20 LT) and the second one at ∼01:09 UT (∼20:30 LT) appeared, respectively, before and after the sunset. Both of them are characterized by an enhanced temperature and a relatively slow downward plasma drift of about 50 m/s. Similar to that of the Bastille storm, the ion density is significantly depleted at the geomagnetic equator.
The first maximum can be attributed to the crest region, which is extended far toward the South Pole. However, it is rather difficult to explain the origin of the second maximum, whose location at middle latitudes is pretty far from the geomagnetic equator. It is important to note that despite that second maximum is situated at nightside, the ion density in that region is comparable with the dayside maximum. The former one even exceeds the dayside crest in the Northern Hemisphere, which indicates a substantial north-south asymmetry of the topside ionosphere.
In order to study the effect of storm-enhanced density (SED) numerically, we introduce a ratio of the ion densities:
where D 0 and D d are the ion densities measured with 1-s resolution during the quiet and storm time, respectively. In this way we obtain the profiles of ion density relative variations during the Bastille and Halloween storms. Using these profiles we can determine the maximum rDmax of the ratio rD for each of the dayside and nightside passes. So the time step of the rDmax is ∼50 min, which is about half of the orbital period. Storm-time variations of the rDmax are presented in Fig. 5 . One can clearly see that during the main phase of geomagnetic storms the ion density increases significantly on both sunlit and nightside hemispheres. The most intense SEDs are observed in the dusk sector. At dayside the rDmax reaches peak values with an amplitude of >10 at the maximum of storms and then the rDmax decreases within several hours. The rDmax peaks are located in the afternoon sector, while the decreases of rDmax are found in the noon and prenoon sectors.
The dynamics of ion density at nightside is more complicated such that the peaks of rDmax can occur during the recovery phase at various local times: from the dusk to postmidnight sector. In rD>10 is presented in Fig. 6 in a geographic coordinate system. Note that during the Bastille storm (Fig. 6a ) the threshold for prominent enhancements was accepted to be rD=4 in the dayside ionosphere, which corresponds to the ROCSAT-1 passes in the Northern Hemisphere. As seen in Fig. 6 , the enhancements cluster at longitudes from 200 • to 360 • and latitudes from −10 • to −35 • in the Southern Hemisphere. That region is overlapped with the location of SAA. Note that during the Bastille storm ROCSAT-1 passes the SAA region at nighttime only, while during the Halloween event the SAA is passed during both daytime (descending orbits) and nighttime (ascending orbits). The SEDs in the Northern Hemisphere might be associated with the enlarged crest regions. For some of them we can find corresponding enhancements in the magnetically conjugated regions. However most of prominent enhancements in the Southern Hemisphere have no conjugated enhancements in the Northern Hemisphere, despite that ROCSAT-1 passes the corresponding regions. Note that such significant northsouth asymmetry of the topside ionosphere is observed in the summertime during the Bastille storm and near equinox during the Halloween storms. Hence the asymmetry can not be a result of seasonal effect. It should be caused by another natural reason.
Energetic particle precipitation
Energetic particle fluxes at altitudes of the ROCSAT-1 orbit are studied using experimental data of electrons with energy >0.6 MeV and protons with energy >0.8 MeV measured by Low Energy Ion Composition Analyzer (LEICA) on board the SAMPEX satellite (Baker et al., 1993; . The SAMPEX satellite has a slightly elliptical polar orbit at heights of 500 km to 600 km. Figure 7 shows a geographical distribution of energetic particle fluxes observed by the SAMPEX/LEICA during quiet days preceding the Bastille and Halloween storms. The distribution is constructed on the base of a grid with 3 • and 6 • step, respectively, in latitude and longitude. The average of the particle fluxes is calculated for each cell of the grid.
The quiet-day fluxes vary from very weak values of <0.7 cm −2 s −1 sr −1 at the equator to very high intensities of >4000 cm −2 s −1 sr −1 (up to 10 5 cm −2 s −1 sr −1 ) in the SAA region. The latter is situated in the range of latitudes from −10 • to −45 • and longitudes from 290 • to 360 • . It is interesting to note a solar cycle variation of the energetic particle fluxes in the SAA region: during the solar maximum on July 2000, high intensities (say >2000 cm −2 s −1 sr −1 ) occupy a larger area than that on October 2003, i.e. on the declining phase of solar cycle. Figure 8 shows energetic particle fluxes detected by the SAMPEX/LEICA during the main phase, maximum and beginning of the recovery phase of the geomagnetic storms. Namely, according to We can distinguish between several different regions of intense particle fluxes. At middle and high latitudes one can see intense sporadic enhancements, which are caused by two concurrent effects: direct penetration of solar energetic particles (SEP) to the polar caps and storm-time particle precipitation from the outer radiation belt (e.g. Panasyuk et al., 2004; Malandraki et al., 2005) . Most intense fluxes are observed in the SAA and in the slot region between the SAA and outer radiation belt at latitudes of −60 • to −40 • . Those fluxes are associated with very intense precipitation of energetic particles from the Earth's radiation belt during great geomagnetic storms (Dmitriev et al., 2000; Panasyuk et al., 2004; Looper et al., 2005) . It is interesting to note an intensification of particle fluxes at low latitudes in the longitudinal range from 150 • to 360 • . For numerical estimation of the energetic particle enhancements we introduce a ratio
where I d is a flux of >0.6 MeV electrons and >0.8 MeV protons during the disturbed periods of geomagnetic storms and I 0 is the quiet-time average flux in the cell of a corresponding location (see Fig. 7 ). The ratio rI is calculated along the SAMPEX orbit during the disturbed times of Bastille and Halloween storms. In Fig. 9 we show the regions of enhanced ratio rI during the disturbed intervals. At that time the fluxes of energetic particles increase up to four orders of magnitude, i.e. rI=10 4 .
Most prominent particle enhancements are associated with the precipitation from the outer radiation belt. During strong magnetic storms the regions of particle precipitation come down to lower latitudes, such that very strong particle en- Significant enhancements of the ion density observed by the ROCSAT-1/IPEI in the dayside (red circles) and in the nightside (green triangles) hemispheres, and energetic particle enhancements (squares) observed by the SAMPEX/LEICA at altitudes ∼600 km during the Bastille (a) and Halloween (b) geomagnetic storms. The orbit of ROCSAT-1 during those disturbed periods is shown by gray dotted line. The relative enhancements of particle fluxes of rI>1.3 and rI>10 are indicated, respectively, by violet and blue squares. For reference, gray areas depict the regions of strong background particle fluxes (including SAA) with quiet-time intensities of >100 cm −2 s −1 sr −1 . Thick dashed line indicates the geomagnetic equator. Most of the ionospheric ion density enhancements are overlapped with the regions of enhanced energetic particle fluxes.
hancements are observed at latitudes of ∼40 • above Australia and North America. That is very close but still beyond the ROCSAT-1 orbital range of 35 • latitude. As a result, we do not find substantial ion density enhancements in those particular regions. Prominent particle enhancements are also observed inside and around the SAA region. In Fig. 9 one can clearly see that at the latitudes of the ROCSAT-1 orbit significant SEDs with rD>10 are well overlapped with that region. We should note that those enhancements are also overlapped in time, because they are observed within the same disturbed time intervals. Moreover, that effect persists both in the nightside and in the dayside hemispheres, which corresponds, respectively, to the ascending and the descending parts of the ROCSAT-1 orbit during the Halloween storms. The observed overlapping of the SEDs and energetic particle enhancements hence reveals their physical relationship.
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Discussion
ROCSAT-1/IPEI observations of the storm-time ion density enhancements in the dayside ionosphere support well the mechanism of prompt penetration of the interplanetary electric field (Tsurutani et al., 2004 (Tsurutani et al., , 2007 . The SEDs are observed during the main phase of the Bastille and Halloween geomagnetic storms, when the strong IMF is directed southward (see Fig. 5 ). The spatial structure of the EIA clearly resembles a "daytime super-fountain" effect (Manucci et al., 2005) . Namely, the density is depleted and enhanced, respectively, at the geomagnetic equator and in the crest regions, which are enlarged and shifted to higher latitudes (see Figs. 3  and 4) .
The observed nightside dynamics of the ion density is more complicated. In Fig. 5 we found that the temporal patterns of SEDs in the nightside and dayside hemispheres are very close. Namely, both in the dayside and nightside ionosphere, the ion densities increase practically simultaneously during the main phase and reach peak values at the maximum of magnetic storms. Such a dynamic pattern of the nightside SEDs can not be explained by only the effect of prompt electric field penetration. Tsurutani et al. (2004) show that the dawn to dusk electric field penetrating in the nightside hemisphere during the main phase of magnetic storm, push the ionospheric plasma downward, leading to a decrease in the ionospheric TEC by recombination. Due to the negative gradient of ionization in the topside ionosphere, the downward plasma drift should also lead to a decrease in the ion density at a given altitude. On the other hand, the appearance of nighttime SEDs during long-lasting northward IMF might be explained by a penetration of the strong dusk to dawn electric field. However, possibility and conditions for that penetration to the "closed" magnetosphere seems not so obvious.
We have found that during the Bastille and Halloween storms the location of strong SEDs (more than one order of magnitude) overlaps well with the regions of intense precipitation of the energetic particles on both the sunlit and nighttime ionosphere (see Fig. 9 ). The vast majority of the most pronounced ion density enhancements groups around the SAA region, where the storm-time fluxes of energetic particles increase by 1 to 3 orders of magnitude.
Analysis of the ion temperature and drift velocity in the SAA region shows that the ion enhancements are accompanied by the enhanced temperature, but the vertical ion drift can be relatively small. Hence the regions of ion density enhancements are characterized by plasma heating without significant vertical bulk motion that might indicate an effect of direct ionization.
Very intense fluxes of precipitating energetic particles can provide significant ionization of the ionosphere and upper atmosphere. Numerical estimation of their contribution to the topside ionosphere requires additional information about the spectral characteristics of proton and electron fluxes and pitch-angle distributions of the particles. Baker et al. (1987) estimate roughly that precipitation of >1 MeV electrons contributes the energy comparable to ∼0.1% of a major geomagnetic storm's total energy dissipation. But that energy deposition would be in a very specialized location compared to the ionospheric Joule heating and ring current formation that dominates in a typical storm.
More difficulty arises due to the sporadic character of the particle precipitation. It is rather difficult to find both spatial and temporal coincidence between the SEDs observed by one satellite and intensification of the energetic particle fluxes observed by another satellite. Complex observations of ionospheric plasma and energetic particles, especially electrons, on board one satellite could be very useful for a quantitative study of the magnetosphere-ionosphere coupling phenomena.
Strong topside ion density and TEC enhancements in the American sector during several strong geomagnetic storms, including the Bastille and Halloween events, are also reported by Foster and Coster (2007) . The enhancements are observed during the main phase in the dusk sector and corotate into the nightside hemisphere. The SED effect is accompanied by a strong uplift of the equatorial F-layer up to altitudes of ∼600 km. The authors suggest that the dominant mechanism for producing that effect is the plasma transport associated with disturbance electric fields, which are generated in the SAA region due to the presence of conductivity gradients. During the geomagnetic storms the increased conductivity gradients are produced by the particle precipitation in the SAA region. A combination of the penetrated interplanetary electric field and local electric fields generated in the SAA region at dusk is considered as a driver of the Flayer uplifting.
During the Halloween storms the most prominent ion density enhancements are observed by the ROCSAT-1/IPEI in the SAA region at ∼16:00 LT, i.e. in the dusk sector. However, during the Bastille storm the largest SED effect with rD>100 is observed in the SAA region at ∼02:00 LT, i.e. in the postmidnight sector. To explain the SED effect at nighttime topside ionosphere have proposed a physical mechanism of electric field generation due to a change in conductivity in the E-layer during the intense particle precipitation in the SAA region.
Conclusion
Very strong ion density enhancements up to two orders of magnitude have been observed by the ROCSAT-1/IPEI in the topside ionosphere at low latitudes during the Bastille and Halloween magnetic storms. The enhancements occur in a wide range of longitudes both in the dayside and nightside hemispheres. We can suggest two main mechanisms, which are responsible for the generation of the observed SEDs. The first one is the prompt penetration of the interplanetary electric field, which causes an expansion of the EIA crest regions toward the higher latitudes during the main phase of geomagnetic storms. The second mechanism is associated with abundant ionization of the ionosphere by strongly enhanced precipitation of energetic particles from the radiation belt during geomagnetic storms. The SAMPEX/LEICA observations of the energetic particles show that the most intense precipitation at middle and low latitudes is localized in the South Atlantic Anomaly region, where most of the SEDs are observed by the ROCSAT-1/IPEI. In addition to a direct ionization effect, the enhanced particle precipitation in the SAA region causes an increase in the ionospheric conductivity, growth of the conductivity gradients and, as a result, generation of strong local electric fields, which are able to produce strong upward/dawnward drifts of the highly ionized plasma.
